Technological University Dublin

ARROW@TU Dublin
Articles

School of Chemical and Pharmaceutical
Sciences

2022

First Long-Time Airborne Fungal Spores Study in Dublin, Ireland
(1978–1980)
Moisés Martínez-Bracero
Emma Markey
Jerry Hourihane Clancy

See next page for additional authors

Follow this and additional works at: https://arrow.tudublin.ie/scschcpsart
Part of the Chemistry Commons
This Article is brought to you for free and open access by
the School of Chemical and Pharmaceutical Sciences at
ARROW@TU Dublin. It has been accepted for inclusion in
Articles by an authorized administrator of ARROW@TU
Dublin. For more information, please contact
arrow.admin@tudublin.ie, aisling.coyne@tudublin.ie,
gerard.connolly@tudublin.ie.
This work is licensed under a Creative Commons
Attribution-Noncommercial-Share Alike 4.0 License
Funder: Environmental Protection Agency

Authors
Moisés Martínez-Bracero, Emma Markey, Jerry Hourihane Clancy, John Sodeau, and David J. O'Connor

atmosphere
Article

First Long-Time Airborne Fungal Spores Study in Dublin,
Ireland (1978–1980)
Moisés Martínez-Bracero 1, * , Emma Markey 1 , Jerry Hourihane Clancy 1 , John Sodeau 2 and David J. O’Connor 3
1

2
3

*



Citation: Martínez-Bracero, M.;
Markey, E.; Clancy, J.H.; Sodeau, J.;
O’Connor, D.J. First Long-Time
Airborne Fungal Spores Study in

School of Chemical and Pharmaceutical Sciences, Technological University Dublin, D07 H6K8 Dublin, Ireland;
emma.markey@tudublin.ie (E.M.); jerry.clancy@tudublin.ie (J.H.C.)
School of Physical Chemistry, University College Cork, T12 YN60 Cork, Ireland; j.sodeau@ucc.ie
School of Chemical Sciences, Dublin City University, D09 E432 Dublin, Ireland; david.x.oconnor@dcu.ie
Correspondence: moises.martinezbracero@tudublin.ie

Abstract: Ambient fungal spores within the atmosphere can contribute to a range of negative human,
animal and plant health conditions and diseases. However, trends in fungal spore seasonality, species
prevalence, and geographical origin have been significantly understudied in Ireland. Previously
unpublished data from the late 1970s have recently been collected and analysed to establish historical fungal spore trends/characteristics for Dublin. Historical spore concentrations were largely
dominated by Alternaria, Ascospores, Basidiospores, Botrytis, Cladosporium, Erysiphe and Rusts. The
main fungal spore season for Dublin commenced in April with the fructification of Scopulariopsis and
Ganoderma. However, the vast majority of other spore types did not reach peak spore release until
late summer. The correlation between ambient spore concentration, and meteorological parameters
was examined using Multivariable Regression Tree (MRT) analysis. The notable correlations found
for fungal spore concentrations tended to involve temperature-based parameters. The use of a
non-parametric wind regression was also employed to determine the potential geographical origin
of ambient fungal spores. The impact of wind direction, and high windspeed on fungal spores was
established, ultimately highlighting the importance of studying and monitoring fungal spores within
Ireland, rather than attempting to rely on data from other regions, as most fungal spores collected in
Dublin appeared to originate from within the island.

Dublin, Ireland (1978–1980).
Atmosphere 2022, 13, 313. https://

Keywords: aerobiology; fungal spores; multivariable trees

doi.org/10.3390/atmos13020313
Academic Editors: Estefanía Sánchez
Reyes, Manuel Joaquim Sabença
Feliciano and José Sánchez-Sánchez
Received: 30 December 2021
Accepted: 8 February 2022
Published: 13 February 2022
Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affiliations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

1. Introduction
Airborne fungal spores are endemic in the atmosphere throughout the entire year [1,2].
The importance of carrying out investigations into fungal spores and their impact upon the
environment stems from their known negative impacts upon both flora and fauna. Regarding
human impact, specific taxa are known to cause respiratory allergy symptoms [3,4], asthma attacks, and even acute respiratory failure. Recently, such symptoms have been misattributed
to the SARS-CoV-2 (COVID-19) virus [5]. Such health concerns have been linked with
impacting both occupational and residential environments, with the phrase “sick-building
syndrome” being termed to describe the recent proliferation in the elevated incidence of
respiratory diseases found among the occupants of human-constructed housing or work
environments. Moreover, fungal spores are known for their pathogenic behaviours, resulting in diseases in crops [6] as well as in natural vegetation [7], leading to negative
repercussions for both the economy and public health.
Interest in the allergenic impacts of fungal spores has been on the rise in recent
decades. Research associated with fungal spores has been undertaken from a variety of
different viewpoints and disciplines, with fungal spore research encompassing areas from
environmental sciences to biochemical and applied microbiology. Two fungal spore genera
in particular, Cladosporium and Alternaria, are routinely the most studied. This is due to a
combination of factors: ease of analysis, relative spore abundance, and potential societal
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impacts. They have been consistently monitored in several European areas including
the United Kingdom [8,9], Derby [10], Copenhagen [11], Poland [12], Portugal [13,14],
Spain [15,16], Italy [17] and Turkey [18,19].
Of particular interest is a study completed in Ireland [20]. This was the only previous
study carried out in Ireland during this period using the Hirst spore trap. This study aimed
to explain the severe decrease in allergenic reactions reported by locals in the summer of
1978 and looked to see if common fungal spore types had similar seasonalities to known
pollens, by monitoring their concentrations during this time. Varying meteorological
conditions, which led to fungal spore concentration changes, were determined to be the
major contributing factor to the change in adverse allergenic reactions.
While much research has been carried out on the creation of pollen seasonal calendars, the same cannot be said in relation to fungal spore annual distributions or release
temporality. Studies that describe fungal spore calendars specifically tend to study just one
spore genera or phylum, and compare seasonal variations of that spore type, rather than
combining all spore types into a single unified calendar [15,21]. Research based on fungal
seasonal distributions has been carried out over one or two sampling years in locations
such as Australia [22], Austria [23], Poland [24,25], Slovakia [26] and Spain [27]. However,
the European Aerobiological Society recommend at least 5 years of fungal spore data for the
construction of a calendar, in order to reduce the impact of interannual discrepancies [28].
Airborne spore concentrations are determined by the inherent characteristics of the
fungi, availability of substrates, temperature, moisture (from rain and humidity), and other
environmental factors [29]. Humidity, among other factors, affects the discharge of each
fungal spore type differently. While many species of Ascomycota and Basidiomycota are
classified as “wet spores” due to their discharging methods, “dry spore” discharging fungi
release spores via the flow of air, or by hygroscopic twisting movement, which occurs upon
drying (mostly emitted when dry, warm and windy conditions prevail) [29,30]. Separately
from the method of spore discharge, another differentiating characteristic of fungi is that
they grow in multiple different but specific temperature ranges, and their fate usually
depends on the wind, which is a blind vector [31,32]. Thus, given the influence of the wind
dispersion on fungal distribution, understanding its strength and direction is useful in
determining the geographical origin of spores.
The main goals of this study are to describe and define the fungal content of Dublin’s
atmosphere through three analyses: (a) creation of a seasonal spore fructification chart for
the most important spore types; (b) study of the relationship between fungal spores and
meteorological parameters; (c) locating the main geographic sources of fungal spores that
arrive in Dublin, and determine what proportion originate from within the country.
2. Materials and Methods
2.1. Study Location
This study was carried out over the spring/summer months of 1978–1980, beginning
from as early as the start of March, to as late as the end of September (year dependant). A 7-day
Hirst volumetric spore sampler [33] was used for fungal spore collection. The sampler was
placed within the grounds of Trinity College, Dublin (53.5◦ N, 6.5◦ W) (Figure 1).
This is the centre of a large urban area, located on the east coast of the island of Ireland,
flanked by the Irish Sea to the east, and the Dublin/Wicklow mountains to the south. With
the exception of the mountainous southern region, most of the city occupies a flat and
low-lying basin (with Trinity College itself lying approximately 12 m above sea level) and
is bisected by the River Liffey. It has an oceanic, or maritime-temperate climate, with
mild summers and cool winters, and little temperature variation. The average annual
temperatures range from 2.6 ◦ C in winter, to 19.3 ◦ C in summer [34]. The mean annual
precipitation is 734.7 mm, with the driest month being February at 51.4 mm and December
being the wettest at 76.7 mm.
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2.3. Meteorological Data
Meteorological data were obtained from the Met Éireann database [35]. The weather
station in Dublin Airport (52°51′40″ N, 06°54′55″ W) (74 metres above sea level) provided
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2.4. Statistical Analyses
2.4.1. Meteorological Analysis
Statistical analyses were carried out using R software [36]. Pearson’s correlation
coefficient tests for each year of study were performed to ascertain the relationship between
spore concentration and weather-related parameters. Additionally, Multivariate Regression
Trees (MRTs) were constructed. MRTs were developed to carry out relationship analyses
between flora or fauna species, and various environmental parameters. They have been
used many times previously, directly analysing the relationship between meteorological
parameters and fungal spore types and concentrations [8,37].
The meteorological thresholds at which concentrations of common spore types increased significantly were determined. For this analysis, the fungal spores analysed include
Alternaria, Ascospores, Basidiospores, Botrytis, Cladosporium, Erysiphe, and Rusts. For Spearman’s correlation, which is seen within the MRTs, significance was calculated for p < 0.001,
p < 0.01, p < 0.05 and p < 0.1. The MRTs were constructed using the R Program [36] “party”
package [38].
2.4.2. Fungal Spore Fructification Period Chart
To calculate the fungal spore fructification period chart, daily fungal spore values for
all three years were aggregated together to create a set of daily mean values for each fungal
spore type, over the entire study period. The main fructification period was calculated
using the percentage method, which has been used previously for the description of pollen
seasons [39]. In this case, the method selected was the 90% method, whereby the main
fructification period commences on the day at which 10% of the years’ total fungal spores
have been counted. Equally, it ends on the day at which 90% of the years’ total spores have
been counted. Early and late fructification periods include times of year outside the main
fructification period where, at least 0.5% of the years’ total fungal spore concentration has
already been accounted (for the early period), and where, at most, 0.5% of the spores to be
counted remain after this date (for the late period). Each month was divided into 6 periods
of 5 days, with 31-day months having 6 days in their final period, and February having
only 3 days for its final period. The five daily values were added together, and divided by
5, to give the arithmetic mean (or divided by 6 or 3 accordingly). Each segment was then
categorised via a 3-digit code, as the month abbreviation and period number. For example,
Ja1 to Ja6 represent the six periods of January, and Jn1 to Jn6 represent the periods of June.
This method of fungal spore fructification period chart construction has been used for
the construction of historical bioaerosol calendars in numerous previous works, mainly
relating to pollen calendars and their methodology [40–43]. It is important to note that,
in general, a pollen or fungal spore calendar requires at least 5 years’ worth of data to
reliably identify trends and normalise the impacts of major weather events, so this should
be regarded as more of a historical fungal spore database rather than a calendar, as a
sufficiently long, continuous monitoring programme was not in place at the time of this
initial study.
2.4.3. Geographical Origin of Airborne Spores
The two-dimensional Non-parametric Wind Regression (NWR) method was used to
assess the geographical origin of atmospheric spores using the software package ZeFirv3.7 [44]. This method has been used in multiple studies for geographical wind origin
analysis, as well as for air quality analysis [45–47].
Non-parametric Wind Regression was initially developed by Henry et al. [48], and
uses Gaussian-like functions to give a weighted average of the wind direction and speed
coefficients, and couples these with co-located ambient bioaerosol concentrations [44].
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September (in 1978 and 1979) shows the first sign of a marked decrease in concentrations,
signifying the end of the peak fungal fructification period.
In general, the months of July and August were seen to comprise the peak fungal
season over the three years. Of note is the apparent lack of a drop in fungal spore concentrations by the end of the study in 1979. This indicates that the main fructification periods
may stretch further into the Autumn than was monitored as part of this campaign.
Encountering large differences between years studied is not unusual. In a daily survey
of fungal spores in Morocco from 2009 to 2011, researchers found large interannual and
seasonal variations in both fungal spore types, and overall annual fungal spore concentrations [49]. A five-year study of fungal spore concentrations and distributions in Saclay,

Atmosphere 2022, 13, 313

season over the three years. Of note is the apparent lack of a drop in fungal spore concentrations by the end of the study in 1979. This indicates that the main fructification periods
may stretch further into the Autumn than was monitored as part of this campaign.
Encountering large differences between years studied is not unusual. In a daily survey of fungal spores in Morocco from 2009 to 2011, researchers found large interannual
6 of 16
and seasonal variations in both fungal spore types, and overall annual fungal spore concentrations [49]. A five-year study of fungal spore concentrations and distributions in Saclay, France, found extremely strong levels of interannual variation, with a 45% decrease
France, found extremely strong levels of interannual variation, with a 45% decrease in total
in total annual spore count observed between the first and second years of the study [50].
annual spore count observed between the first and second years of the study [50]. StudStudies that identify inter annual variations look to localized weather conditions or cliies that identify inter annual variations look to localized weather conditions or climactic
mactic changes. A study by Ajouray et al. [49] noted very differing weather conditions
changes. A study by Ajouray et al. [49] noted very differing weather conditions between
between years studied.
years studied.
The mean peak date for Basidiospores during the three-year period was on the 30
The mean peak date for Basidiospores3 during the three-year period was on the 30 July,
July, when an average of 6650 spore/m
of air was counted across all years of the study
when an average of 6650 spore/m3 of air was counted across all years of the study period.
period. Cladosporium spores had three days with average peaks above this value, with the
Cladosporium spores had three days with average peaks
above this value, with the highest
highest being an average value of 8931 spore/m3 of air, reached on 29 July. Ascospores
being an average value of 8931 spore/m3 of air, reached on 29 July. Ascospores appeared to
appeared
diverge direction
in the opposite
direction with
to Basidiospores,
with
a lessinprominent
diverge
in thetoopposite
to Basidiospores,
a less prominent
growth
average
growth
in
average
fungal
spore
numbers
in
the
lead
up
to
the
peak
fructification
fungal spore numbers in the lead up to the peak fructification period. Days in the period.
very
Days of
in the
the expected
very middle
the expected
peak period
for Ascospores
had very
lowasspore
middle
peakofperiod
for Ascospores
had very
low spore counts,
such
16
counts,
as 16 July,
were
theofaverage
of all
yearswas
of the
period was
269
3 of only
July,
were such
the average
of all
years
the study
period
onlystudy
269 spore/m
air for
3
spore/m
that
day. of air for that day.
Figure
predominant
fungal
spore
types
Dublin
each
three
years
In In
Figure
3, 3,
thethe
predominant
fungal
spore
types
in in
Dublin
forfor
each
of of
thethe
three
years
of
the
study
are
shown.
These
were
identified
as
Alternaria,
Ascospores,
Basidiospores,
of the study are shown. These were identified as Alternaria, Ascospores, Basidiospores,
Botrytis,
Cladosporium,
Erysiphe
and
Rusts,
which
together
comprise
more
than
98%
Botrytis,
Cladosporium,
Erysiphe
and
Rusts,
which
together
comprise
more
than
98%
of of
thethe
total
spores
identified.
The
total
Seasonal
Spore
Integrals
(SSIn)
are
composed
primarily
total spores identified. The total Seasonal Spore Integrals (SSIn) are composed primarily of
of Cladosporium
and Basidiospores,
whichup
make
up between
69 of
and
of counted.
all spores
Cladosporium
and Basidiospores,
which make
between
69 and 78%
all78%
spores
counted. Additionally,
Ascospores significantly
contribute significantly
towards
spore concentraAdditionally,
Ascospores contribute
towards total
sporetotal
concentrations,
actions, accounting
for17between
24%counted
of spores
in each
the three years.
counting
for between
and 24%17ofand
spores
incounted
each of the
threeofyears.

Figure
3. Predominantly
identified
fungal
spores
during
sampling
period.
Figure
3. Predominantly
identified
fungal
spores
during
thethe
sampling
period.

3.2. Meteorological Analysis
3.2.1. Correlation Coefficient Analysis
In Figure 4, a set of correlation plots are shown. These plots are used to express
whether different variables and parameters correlate with each other, how strongly they
correlate with each other, and whether the correlation found is positive or negative. The
colour of each circle indicates whether a correlation is positive or negative, with blue circles
representing a positive correlation, and red circles signifying a negative correlation between
the two intersecting parameters.
The meteorological parameters that did not correlate as strongly were removed from
the correlation plots to ensure the ease of analysis. The first observation of note from
the correlation plots, is the correlation between multiple fungal spore types and ground
minimum temperature. Each of the three years show some positive correlation, with strong
correlations seen in 1979 and 1980 (Figure 4).

3.2.1. Correlation Coefficient Analysis
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indicating
thatThe
it was
the
difference example
in weather
conditions
atmospheric
pressure.
In both
1978 andchange.
1980, significant
negative
correlations
were
seen
that caused this
apparent
relationship
This can be
supported
by the very
strong
between
atmospheric
pressure,
and
both
Ascospores
and
Basidiospores.
However,
this
negative correlation between rainfall and atmospheric pressure, with higher atmospheric
apparent
relationship
completely
reversed
in
1979,
where
correlations
were
significantly
pressure associated with lower rainfall levels. According to the historical Met Éireann
positive. event
At thedatabase,
same time,
the
strengthof
of 1978
correlation
between
thesethan
sameaverage
spore types
and
weather
the
summers
and 1980
had lower
summer
rainfall
diminished,
that
it was
the difference
in weather of
conditions
rainfall was
levels,
while 1979indicating
had higher
than
average
levels. Additionally,
note wasthat
the
caused this
relationship
can emphasising
be supported the
by the
very strong
negapresence
ofapparent
ground frost
in July change.
of 1979,This
further
unseasonal
weather
tive
correlation
between
rainfall
conditions
of that
summer
[34]. and atmospheric pressure, with higher atmospheric pressure associated
with lower
rainfall
levels. According
to the
Met Éireann
In all instances,
the best
meteorological
parameter
forhistorical
the prediction
of totalweather
fungal
event
database,
of 1978 and
1980 hadTo
lower
than
average summer
rainfall
spore values
wasthe
the summers
ground minimum
temperature.
further
investigate
the relationships
between
meteorological
parameters
and fungal
a set of of
Multivariate
Regression
levels,
while
1979 had higher
than average
levels.spores,
Additionally,
note was the
presence
Trees
(MRTs)
were
created
via the
use of
R software the
[36].unseasonal weather conditions of
of ground
frost
in July
of 1979,
further
emphasising
that summer [34].
3.2.2. Multivariate Regression Tree (MRT) Analysis

In the constructed MRTs the parameter that statistically most strongly influences a
fungal spores’ concentration is listed in the “1” slot. The threshold level at which this fungal
spores’ concentration is significantly different is noted on the connecting line between the
listed meteorological parameter, and the box and whisker plot below. If there is more
than one significant meteorological parameter threshold, the dataset will subdivide the
data again under a “2” slot and repeat the process again, until all statistically significant
threshold levels for all meteorological parameters have been satisfied. Meteorological
variables selected for each spore type, the threshold, and p-value accumulative correlation

Atmosphere 2022, 13, 313

8 of 16

of different variables on various fungal spore species/concentrations can be seen in the
supplementary materials (Figure S1).
More than one significant meteorological parameter was determined for each fungal
spore type for each subsequent year. The threshold for each selected meteorological
variable following MRT analysis as well as the associated p-value are summarized in
Table 1. Data number of data over and under each threshold were also included. When the
meteorological variable exceeds the determined threshold, spore concentrations are higher.
Separate MRTs were performed on each year in order to show the differences between
studied years. Temperature as a factor was repeatedly found to correlate with a variety
of fungal spores, and at multiple measurement levels. Mean soil temperature at 10 cm
(soil) was an influencing parameter for Basidiospores, Botrytis and Cladosporium, with all
three spores encountering a spore concentration threshold at around 15.7 ◦ C. This same
parameter saw concentration thresholds for Erysiphe and Rusts, at other temperatures. With
Rusts, the MRT analysis identified a direct relationship to mean soil temperature, as no less
than five distinct fungal spore concentration thresholds could be distinguished from each
other, all dependent upon the mean soil temperature.
Table 1. Multivariate regression trees threshold and p-values of every meteorological parameter with
a significant influence on the fungal spore concentrations in this study. N1 : number of data in which
the parameter was higher than the threshold; N2 : number of data in which the parameter was lower
than the threshold.
Year
1978
Alternaria

1979
1980
1978

Ascospores

1979

1980
1978
Basidiospores

1979
1980
1978
1979

Botrytis
1980

1978
Cladosporium

1979
1980

Selected Parameter

Threshold

p-Value

N1

N2

Maximum temperature (◦ C)
Maximum temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
Maximum temperature (◦ C)

17.9
15.4
17.275
15.3

0.001
<0.001
0.002
0.006

52
44
7
79

129
85
118
39

Precipitation Amount (mm)
09utc Grass Minimum Temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
Precipitation Amount (mm)
Mean 10 cm soil temperature (◦ C)
Mean CBL pressure (hpa)
09utc Grass Minimum Temperature (◦ C)
Mean CBL pressure (hpa)

0.9
5.2
10.550
4
7.150
1001.2
4.5
999.2

<0.001
<0.001
<0.001
<0.001
0.032
<0.001
<0.001
0.041

35
102
21
9
18
30
62
26

105
79
58
49
31
72
33
7

09utc Grass Minimum Temperature (◦ C)
Maximum temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
09utc Grass Minimum Temperature (◦ C)
09utc Grass Minimum Temperature (◦ C)

10.7
17
17.775
8.5
3.9

0.002
<0.001
0.029
<0.001
0.033

31
68
12
35
33

109
113
101
60
27

Maximum temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
Precipitation Amount (mm)
wind direction (deg)
09utc Grass Minimum Temperature (◦ C)

21.5
15.700
13.625
5.6
260
4.4

<0.001
<0.001
<0.001
0.04
0.005
0.01

9
59
32
8
35
30

172
113
81
87
52
22

Potential evapotranspiration (mm)
Mean 10 cm soil temperature (◦ C)
Maximum temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
Mean 10 cm soil temperature (◦ C)

3.4
17.975
21.5
15.700
13.625
17.275
13.075

<0.001
0.012
<0.001
<0.001
<0.001
<0.001
0.001

12
10
9
59
32
7
69

128
118
172
113
81
88
19
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Table 1. Cont.
Year

Selected Parameter

Threshold

p-Value

N1

N2

(◦ C)

Erysiphe

1978
1979
1980

Mean 10 cm soil temperature
09utc Grass Minimum Temperature (◦ C)
Mean 10 cm soil temperature (◦ C)

10.06
14.2

0.005
<0.001

33
66

148
29

Tilletiopsis

1978
1979
1980

Mean CBL pressure (hpa)
Maximum temperature (◦ C)

1012.2
16.2

0.012
0.007

30
83

110
98

1978

Mean CBL pressure (hpa)
Mean 10 cm soil temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
Mean 10 cm soil temperature (◦ C)
wind direction (deg)
Highest ten-minute mean wind speed (kt)

994.1
19.750
16.700
15.050
13.925
310
21

0.002
<0.001
<0.001
<0.001
0.005
<0.001
0.003

132
7
36
45
9
16
7

8
174
138
93
84

Uredospores

1979

1980

72

Changes in maximum temperature correlated with concentration thresholds for Alternaria and Botrytis, with temperatures of over 17 ◦ C correlating with increased fungal
spore concentrations. A second threshold for Alternaria was also identified, with decreased
concentrations observed below 15 ◦ C. Similarly, Cladosporium concentrations increased at
the maximum temperature threshold of 21 ◦ C.
Grass minimum temperature was also one of the variables seen to correlate with
spore concentration. Basidiospores concentrations increased at temperatures over 10.7 ◦ C.
Ascospore concentrations were seen to be higher for grass minimum temperature over
5.2 ◦ C.
Rainfall was seen to result in increased concentrations of Ascospores (Table 1) when
rainfall was above both 0.9 mm and 4 mm, and Botrytis when rainfall was above 5.6 mm.
Evapotranspiration was a correlating factor for Rusts, with an increase in fungal concentrations for evapotranspiration values over 4.2 mm. The mean cbl (convective boundary
layer) pressure correlated with an increase in concentrations of Ascospores when exceeding 1000 hpa (1001 and 999), while pressures higher than 994 hpa resulted in a decrease
in Rust concentrations. Finally, wind direction was seen to relate to an increase in the
concentrations of Botrytis over 260◦ , and for Rust at values over 310◦ .
3.3. Fungal Spore Fructification Period Chart
This chart (Figure 5) combines data from all years of the study. This chart is arranged
by peak fructification period, with fungal spores that peak earliest in an average calendar
year at the top of the chart. Each horizontal line starts with the first noted occurrence of
that spore and ends with the last recorded occurrence. Spores that have their bars marked
in shades of red have been noted to be highly allergenic or phytopathogenic, while orange
bars indicate that spores have medium/low, or no noted allergenicity or phytopathogenicity [51,52]. The fungal season typically commences in April with the main fructification
of Scopulariopsis and Ganoderma. However, several spore types such as Scopulariopsis, Ascospores, Basidiospores, Erysiphe and Alternaria can exhibit early fructification in March. On
the other hand, several fungal species see peak releases later in the year, with Tilletiopsis and
Polythrincium witnessed during July and August, respectively. Most spore types reach peak
fructification during July and August. This period coincides with the release of Ascospores,
Basidiospores and Cladosporium, which comprise the vast majority of all spores sampled.
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During 1979, the highest fungal spore concentrations originated from winds originating in the west, south-west, and south, with higher concentrations observed at wind speeds
of between 16 and 24 km/h. This is a completely different direction to the previous year,
highlighting the possibility of interannual variation with regard to fungal spore dispersal
and fructification.
During 1980, fungal spore concentrations were similarly high from all directions, with
slightly higher concentrations observed from the south and south-east. The windspeeds
that resulted in the highest concentrations ranged from 16 km/h from the east and northeast
to speeds of above 24 km/h in the south. Once again, this is a completely distinct windrose
pattern to those found in the two years previous, but the generally similar concentrations
from all cardinal directions, over what is the smallest of the three datasets, means that one
singular week of high fungal deposition could meaningfully change the windrose plot.
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4. Discussion
4.1. Airborne Fungal Spore Monitoring
A myriad of studies, covering various aspects of allergenicity and phytopathogenicity,
have highlighted the importance of fungal spore monitoring [10,13,19,53]. Many pollen
seasonal calendars have been constructed previously [54].
While different studies have assessed historical, seasonal fungal spore distribution [55]
data are often limited to the late 1980s or early 1990s, further highlighting the importance of
the present study. However, a study was published during this time in Ireland, providing
a good point of comparison [20]. The seasonal fructification periods found in this study
were concentrated in the spring and summer months, coinciding with results obtained
in the historical studies [55], the most recent studies in similar latitudes [8,29,56], as well
as around the Mediterranean area as well as in comparison with work undertaken in
the same decade [57–59]. In Galway, the highest concentrations of fungal spores were
observed during the months of July and August [20]. Cladosporium has been found to
be the most abundant species in the atmosphere in previous studies, matching with the
concentrations found in this study. However, the maximum Seasonal Spore Integral (SSIn)
of Cladosporium was relatively high in this study when compared with other studies around
Europe [15,57,60]. This trend is the opposite to that found in Denmark [55], where the SsIn
has been stable since the 1990s with a decrease in the peak concentrations.
Ascospores and Basidiospores have been identified as important fungi, being grouped
in numerous previous studies, and the total concentrations of these fungal spore types
were found to be considerably lower in other studies than found in our survey [29,61].
Furthermore, in previous studies in Ireland, Cladosporium has been found as the most
prevalent spore in the atmosphere in comparison to Basidiospores [20].
4.2. Meteorololy and Fungal Spore Concentrations
The strong relationship between spore concentrations and meteorological parameters
has been well documented in a range of different locations across Europe. Throughout
the literature, temperature has repeatedly been identified as the most important variable,
consistently positively correlating with the majority of fungal spore types [13,14,29]. This
is corroborated in our data analysis, with other correlation plots and MRT analyses finding
(across all years and fungal spore types) that temperature was consistently the driving
factor when accounting for changes in fungal spore concentration.
While most of the spore types identified and analysed in this study have not been
extensively studied before, the “threshold” temperatures for conventionally studied spore
types are comparable. Threshold temperatures are generally different for the release of
each spore. In this study, threshold spore release temperatures ranged from the minimum
of 10 ◦ C to the max temperature of 21 ◦ C, depending on the spore being released. These
temperature ranges are lower than those previously recorded by Rodríguez-Rajo [14],
in which maximum concentrations for Cladosporium and Alternaria were recorded when
temperatures exceeded 23 and 27 ◦ C. However, temperatures over 15 ◦ C have been shown
to increase spore concentrations compared to previous studies in Ireland [8]. The colder
climate in Ireland contributes to a lack of available data for spore release above 21 ◦ C.
Rainfall has previously correlated with a decrease in spore concentrations by rainout and wash-out of the atmosphere [62]. Some fungal spores such as Cladosporium, Alternaria, Drechslera, Epicoccum, Pithomyces, Polythrincium and Torula have been described
as “dry-weather spore types”, and do follow this expected relationship, having a negative
relationship with humidity [9,29,63].
Other, more “wet weather” spore species, including numerous spores in the Phylum
Ascomycota, such as Didimella, Leptosphaeria and Pleospora, have been seen to possess a
positive correlation with rainfall [29]. Separately, Botrytis has previously shown a significantly high correlation with humidity, at values exceeding 90%, with storm events
resulting in high proliferation of Botrytis infection [53,64,65]. These previous analyses

Atmosphere 2022, 13, 313

13 of 16

assist in explaining the positive correlation of Ascospores and Botrytis with rainfall in this
present study.
4.3. Geographical Origin of Airborne Spores
The geographical source of fungal spores arriving at the Dublin site, was seen to
originate from inland areas (Figure 6). It should be noted, however, that this study only
had access to one site, and the concentrations were averaged; thus, the possibility exists
that peak daily concentrations could skew the results here. Nevertheless, it is an interest
finding and gives prominence to the importance of inland sources. The majority of studies
on airborne particle geographic and land-type origin have been pollen related [66–68]. In
contrast to previous fungal calendars, the fungal fructification period chart presented in this
investigation does not exclusively display the concentrations of each spore; it highlights the
main fungal season, allergenicity and phytopathogenicity of each spore. Another point of
distinction between this chart and others is the presence of yeasts, Venturia, Basidiospores
and Downy mildew, which are often not presented in other calendars [23,25,27,28]. On
the other hand, the extension of the presented fungal fructification periods in the present
research comparisons would be inaccurate. Recent studies have stressed the importance of
fungal spore origin [19,69]. In studies focusing on both fungal spores and pollen grains,
grassland had been identified as the most important land type for all bioaerosol origination
and is an important potential source of fungal spores. Due to the age of the data in this
study, the land-type origin of the spores could not be evaluated, but the effect of the
inland winds does correlate to higher fungal spore concentrations. Given the prevalence of
grassland in Ireland, this is not an unexpected finding.
5. Conclusions
It is evident from the findings of this study that the ambient concentrations of fungal
spores in Dublin are dominated by allergenic spore types, with Cladosporium and Alternaria
being the two allergenic spores most commonly identified. However, their prevalence
and allergenicity should not be considered permanent, and their characteristics should be
reassessed in order to identify any changes in their allergenicity or ambient fungal spore
concentrations for Dublin in contemporary studies. This study allows for an understanding
of the historical influence of fungal spores within the Irish environment and can be used in
the future to act as a reference for contemporary aerobiological studies. Of all spore types
observed, the concentrations of spores of the phylum Basidiomycota were shown to be the
most prevalent.
The most important meteorological factor found to affect spore concentrations was
that of temperature. Spore growth was seen to increase, depending on the species, from a
minimum of 10 ◦ C to a maximum of 21 ◦ C. This study of the behaviour and the effects of
meteorological variables during 1978, 1979 and 1980 again provides useful information for
future studies, and can be used as tool or reference point when looking at meteorologicalfungal spore relationships in Ireland.
Data collected in the present study successfully determined that the majority of fungal
spores that are found in Dublin originate from inland areas within Ireland, and not from
across the Irish Sea in the United Kingdom or beyond. The identification that higher
windspeeds are required for fungal spore transport within the island also indicates that the
long-distance transport of fungal spores to Dublin from the continent is less likely.
An investigation into landcover and possible grassland sources around Dublin is a
recommendation for future studies, as this would greatly assist in identifying sources of
fungal spores in a more targeted manner than was possible during this campaign.
Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13020313/s1, Figure S1: Multivariate Regression Trees of
(A) Alternaria, (B) Ascospores, (C) Basidiospores, (D) Botrytis, (E) Cladosporium, (F) Erysiphe, (G) Rust
for the three studied years.
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Grinn-Gofroń, A.; Nowosad, J.; Bosiacka, B.; Camacho, I.; Pashley, C.; Belmonte, J.; De Linares, C.; Ianovici, N.; Manzano, J.M.M.;
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